Whether NF-B promoter transactivation by the human T-cell leukemia virus type 1 (HTLV-1) Tax protein requires Tax SUMOylation is still a matter of debate. In this study, we revisited the role of Tax SUMOylation using a strategy based on the targeting of Ubc9, the unique E2 SUMO-conjugating enzyme. We show that either a catalytically inactive form of Ubc9 (Ubc9-C93S) or Ubc9 small interfering RNA (siRNA) dramatically reduces Tax conjugation to endogenous SUMO-1 or SUMO-2/3, demonstrating that as expected, Tax SUMOylation is under the control of the catalytic activity of Ubc9. We further report that a non-SUMOylated Tax protein produced in 293T cells is still able to activate either a transfected or an integrated NF-B reporter promoter and to induce expression of an NF-B-regulated endogenous gene. Importantly, blocking Ubc9 activity in T cells also results in the production of a non-SUMOylated Tax that is still fully functional for the activation of a NF-B promoter. These results provide the definitive evidence that Tax SUMOylation is not required for NF-B-driven gene induction.
H
uman T-cell leukemia virus type 1 (HTLV-1) is the etiological agent of adult T-cell leukemia/lymphoma (ATLL), a highly aggressive malignant proliferation of CD4 ϩ T lymphocytes. About 5% of HTLV-1-infected individuals develop ATLL, and this cancer occurs after a prolonged latency period (1) . The oncogenic capacity of HTLV-1 is mainly due to the regulatory Tax protein, which promotes permanent T-cell proliferation through various mechanisms (2) . In particular, Tax promotes permanent activation of the NF-B pathway (3) , inducing thereby the expression of a large series of proteins governing cell growth and survival (4) . Importantly, Tax-induced NF-B activation was shown to be critical for HTLV-1-induced immortalization of primary CD4 ϩ T lymphocytes (5) .
In previous studies, we and others demonstrated that Tax is conjugated to ubiquitin (Ub), notably to K63-linked Ub chains, and to either SUMO-1 or SUMO-2/3 molecules (6) (7) (8) (9) (10) (11) (12) . In an initial study based on the analysis of a set of ubiquitin-and SUMO-deficient lysine Tax mutants fused or not to either Ub or SUMO, we concluded that the two modifications were each required for NF-B activation. Indeed, we proposed that Tax ubiquitination is required for the activation of the cytoplasmic IB kinase (IKK) complex and that Tax SUMOylation facilitates promoter activation in the nucleus (7) . However, our subsequent finding that a Tax mutant that was properly ubiquitinated but poorly SUMOylated was still transcriptionally active supported the opposite view that Tax SUMOylation could be dispensable for NF-B promoter activation (12) . In contrast with this conclusion, other groups then argued that even a low level of Tax SUMOylation might be critical for NF-B promoter activation by Tax (13) (14) (15) , by acting through a threshold effect (14) , as reported in other models (16) .
To further explore the importance of Tax SUMOylation to NF-B activation, we designed a new strategy to generate a totally non-SUMOylated Tax without introducing mutations in Tax. We took advantage of the fact that SUMOylation relies on a unique E2-conjugating enzyme, namely, Ubc9 (16, 17) , allowing easy inhibition of the SUMOylation process. We found that blocking either the activity or the expression of endogenous Ubc9 allows the production of a non-SUMOylated Tax and that this nonSUMOylated Tax is still able to activate NF-B promoters in both adherent cells and T cells.
MATERIALS AND METHODS
Cell culture and transfection. 293T cells were cultured in Dulbecco's modified Eagle's medium (Life Technologies, France) supplemented with 10% fetal bovine serum, 2 mM glutamine, and antibiotics (Life Technologies, France). The 293T cell lines containing an integrated NF-B reporter construct were generated following transfection of the pGL4.32 plasmid (see below) and hygromycin selection. These cells were cultured in the same medium as 293T cells with addition of 200 g/ml of hygromycin. 293T cells were transfected using either the calcium phosphate procedure (luciferase assays) or the Lipofectamine reagent (nickel pulldown experiments) according to the manufacturer's procedure. The HTLV-1-negative MOLT4 T cells were cultured in RPMI 1640 medium (Life Technologies, France) supplemented as described above along with 0.5% glucose. MOLT4 T cells were transfected using the DMRIE-C reagent (Life Technologies, France) according to the manufacturer's procedure.
Plasmids and siRNA. The Tax, Tax-6His, and Tax-M22 constructs cloned into the pSG5m empty vector and the HA-SUMO-3 and HA-Ub constructs have been described previously (7) . The His-SUMO-3 plasmid was kindly provided by V. Lallemand-Breitenbach (INSERM UMR 944, Paris, France). The T7-Ubc9-C93S, which encodes a T7-tagged version of an Ubc9 mutant in which a cysteine residue of the active site was changed to a serine (17) , was kindly provided by S. Nisole (INSERM UMR-S 747, Paris, France). The pGL4.32 plasmid, which contains the Luc2P gene under the control of five B response elements and a hygromycin resistance gene, and the pRL-TK normalization plasmid, which encodes the Renilla luciferase under the control of the constitutive thymidine kinase promoter, were obtained from Promega (France). Control (siRNA-A, sc-37007) and Ubc9 (sc-36773) small interfering RNAs (siRNAs) were from Santa Cruz (Heidelberg, Germany).
Antibodies. The following primary antibodies were used: anti-SUMO-1 (no. 4930S) and anti-Ub-K63 (no. 5621S) (Cell Signaling, Ozyme, France), anti-SUMO-2/3 (ab3742; Abcam, France), anti-Ubc9 (sc-10759; Santa Cruz, Heidelberg, Germany), and antihemagglutinin (anti-HA) (12CA5; Roche, France). Tax was detected with a serum obtained from an HTLV-1-infected individual. Horseradish peroxidase (HRP)-conjugated anti-human, anti-mouse, and anti-rabbit IgGs (Promega, France) were used as secondary antibodies in Western blotting.
Nickel pulldown experiments. 293T cells (3.5 ϫ 10 6 cells seeded the day before in a 100-mm dish) and MOLT4 T cells (1.5 ϫ 10 6 cells/well in a 6-well culture plate) were transfected with 3 g of Tax-6His construct and either the control or Ubc9-C93S construct (3 g) or the control or Ubc9 siRNA (50 nM). At 48 h or 72 h posttransfection, cells were lysed under reducing and highly stringent conditions in buffer A (6 M guanidium HCl, 0.1 M NaH 2 PO 4 , 10 mM imidazole, pH 8) and incubated with 25 l of Ni 2ϩ -nitrilotriacetic acid (NTA) beads (Sigma, France) for 3 h at room temperature. The beads were washed three times in buffer A, then twice in buffer B (buffer A diluted 1:4 in buffer C), and finally twice in buffer C (25 mM Tris-HCl [pH 6.8], 10 mM imidazole). Bound proteins were eluted by adding 2ϫ Laemmli buffer (Sigma, France), and purified proteins were analyzed by Western blotting as described below.
Western blotting. Cells were lysed on ice for 20 min in radioimmunoprecipitation assay (RIPA) lysis buffer (50 mM Tris-HCl [pH 8], 1% NP-40, 0.5% deoxycholate, 0.1% SDS, and 150 mM NaCl) supplemented with protease and phosphatase inhibitors (Roche, France), and lysates were centrifuged at 4°C for 15 min at 14,000 ϫ g. Total proteins or proteins purified by nickel pulldown were mixed with 2ϫ Laemmli buffer (Sigma, France), subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and transferred to polyvinylidene difluoride (PVDF) membranes. Membranes were then blocked in 5% nonfat dry milk and incubated with primary and secondary antibodies. Chemiluminescence reagents (Thermo Scientific, France) were finally used for signal detection.
Luciferase-based reporter assays. 293T cells (3 ϫ 10 4 cells/well seeded the day before in 24-well plates) and MOLT4 T cells (4 ϫ 10 5 cells/well in 24-well plates) were transfected with 500 ng of Tax-6His and with either the control or Ubc9-C93S construct (500 ng) or the control or Ubc9 siRNA (50 nM). After a 48-hour period of culture, cells were subjected to a second round of transfection with 200 ng of the pGL4.32 plasmid and the pRL-TK normalization plasmid for 293T cells (5 ng) and MOLT4 (20 ng) and with only the pRL-TK plasmid (5 ng) for the pGL4.32 stable 293T cell lines. Luciferase activity was quantified at 24 h after the second transfection using the dual-luciferase reporter assay system (Promega, France), and values were normalized with Renilla activity.
RNA extraction and real-time quantitative PCR (RT-qPCR).
Total RNAs were prepared with the NucleoSpin RNAII kit (Macherey-Nagel, France), and 1 g of RNA was reverse transcribed using the Maxima first-strand cDNA synthesis kit (Thermo Scientific, France), according to the manufacturer's procedure. Real-time PCR was performed in a LightCycler 2.0 (Roche, France) on 10 ng of reverse-transcribed RNA using the real-time-ready ICAM-1 primers (no. 04685105001; Roche, France) and primers for Tax (forward, 5=TTCCCAGGGTTTGGACAGAG3=; reverse, 5=GATGGGGTCCCAGGTGATCT3=) and for the hypoxanthine phosphoribosyltransferase (HPRT) housekeeping gene (forward, 5=TGACAC TGGCAAAACAATGCA3=; reverse, 5=GGTCCTTTTCACCAGCAAGCT 3=) (used for normalization). ICAM-1 PCR was conducted using the TaqMan technology with the following conditions: a first step of denaturation at 95°C for 10 min, followed by 45 cycles of denaturation (95°C for 10 s), annealing (60°C for 30 s), and extension (72°C for 1 s) and a final extension at 72°C for 5 min. The Sybr green technology was employed for amplification of Tax and HPRT with the following conditions: a first step of denaturation at 95°C for 8 min, followed by 40 cycles of denaturation (95°C for 0 s), annealing (60°C for 10 s), and extension (72°C for 8 s) and a final melting curve (95°C for 0 s, then 65°C for 15 s, and finally 95°C for 60 s).
RESULTS
Blocking Ubc9 abolishes Tax SUMOylation. As a strategy to abolish Tax SUMOylation, we evaluated the effect of either blocking or silencing Ubc9, the unique SUMO E2-conjugating enzyme. To block the function of endogenous Ubc9, we used a construct producing a dominant negative mutant (T7-Ubc9-C93S) shown to be able to block endogenous SUMOylation (17) . For Ubc9 silencing, Tax-6His was transfected together with anti-Ubc9 siRNA. 293T cells were transfected with the Tax-6His construct in the presence of the Ubc9 mutant or Ubc9 siRNA, and the level of endogenous Tax SUMOylation was analyzed by nickel pulldown performed under highly stringent conditions followed by Western blotting using anti-SUMO or, as control, antiubiquitin antibodies, as described previously (7). SUMO-1-or SUMO-2/3-conjugated Tax species were found in cells transfected with Tax-6His ( Fig. 1A and B, lanes 3) but not in those transfected with the untagged Tax construct (Fig. 1A and B, lanes 2) or the control plasmid (lanes 1), validating the experiment. Expressing Tax-6His together with Ubc9-C93S lowered Tax conjugation to either SUMO-1 or SUMO-2/3 to background levels, while the amount of either unconjugated Tax or K63-linked ubiquitinated Tax was not affected (Fig. 1A, lane 4) . Strong reduction of Ubc9 was observed in cells treated with the Ubc9 siRNA compared to control cells (Fig. 1B, lysates, lanes 4 and 5) . This coincided with a massive reduction of Tax conjugation to either SUMO-1 or SUMO-2/3 with no effect on Tax K63 ubiquitination (Fig. 1B, lane 5) . Parallel experiments showed a massive reduction of conjugation of total proteins to transfected His-SUMO-3 upon either expression of Ubc9-C93S or treatment with siUbc9 (Fig. 1C, lanes 3 and 5) , confirming the blockage of the endogenous SUMOylation machinery.
These data show that Tax SUMOylation is under the control of Ubc9 and that blocking or silencing Ubc9 is a valuable strategy for generating an ubiquitinated but not SUMOylated Tax protein without mutating Tax.
A non-SUMOylated Tax is able to activate a transfected or integrated NF-B reporter gene. Luciferase-based reporter as-says to evaluate NF-B activation by non-SUMOylated Tax were performed in 293T cells. Cells were transfected with the Tax-6His construct and either the Ubc9-C93S construct or siUbc9 and cultivated for a 48-hour period, ensuring inhibition of Tax SUMOylation, as shown in Fig. 1 . Cells were then subjected to a second round of transfection with the reporter plasmids, and luciferase activities were assessed after an additional 24-hour period. Similar levels of NF-B promoter activation were found in cells producing Tax-6His alone (set to 100%) or in combination with Ubc9-C93S ( Fig. 2A, left side) . Moreover, higher NF-B promoter activation was found in cells treated with the Ubc9 siRNA than in control cells (Fig. 2B, left side) . To confirm these data, experiments were performed using two 293T cell lines in which the B reporter construct was integrated into chromatin ( Fig. 2C and D) . As above, Ubc9-C93S had no effect on Tax-induced NF-B promoter activation (Fig. 2C , left side) while higher activation was observed with the Ubc9 siRNA (Fig. 2D, left side) . Western blot analyses performed in parallel confirmed similar levels of Tax expression under all conditions as well as strong expression of Ubc9-C93S ( Fig. 2A and C, right sides) and potent silencing of Ubc9 upon siRNA treatment (Fig. 2B and D, right sides) .
A non-SUMOylated Tax is able to activate an NF-B-dependent endogenous gene. To study the impact of Tax SUMOylation on the activation of a natural NF-B-regulated promoter, we quantified by real-time PCR the expression of ICAM-1, which has been reported to be induced by Tax in an NF-B-dependent manner (18) . 293T cells were first transfected with the Ubc9-C93S mutant (Fig. 3A) or the Ubc9 siRNA (Fig. 3B ) and cultivated for 2 days to block the SUMOylation machinery prior to Tax expression. These cells then were transfected with the Tax-6His plasmid together with the control or Ubc9-C93S construct or with the control or Ubc9 siRNA for an additional 24-hour period. As a
FIG 1 Endogenous Tax
SUMOylation is dramatically reduced upon Ubc9 inhibition. Nickel pulldown and Western blot analyses were performed to study the effect of Ubc9 inhibition or silencing on endogenous Tax SUMOylation. (A) 293T cells were transfected with the Tax-6His construct and with the control or T7-Ubc9-C93S construct. Cells were lysed at 2 days posttransfection, and total proteins were either purified by nickel pulldown (nickel column-bound proteins) or directly analyzed by Western blotting to study Ubc9 and Tax expression (lysates). For nickel column-purified proteins, three separate gels were prepared that were blotted successively with the anti-SUMO-1 and HTLV-1 serum, the anti-SUMO-2/3 and HTLV-1 serum, or the anti-Ub-K63 and HTLV-1 serum. (B) 293T cells were transfected with the Tax-6His construct and with the control or Ubc9 siRNA, and total proteins were prepared as described above. For nickel column-purified proteins, two separate gels were prepared that were blotted successively with the anti-SUMO-1, anti-Ub-K63, and HTLV-1 serum or with the anti-SUMO-2/3 and HTLV-1 serum. (C) Nickel pulldown experiment to study the effect of Ubc9 inhibition or silencing on the SUMOylation of total proteins. 293T cells were transfected with either a His-SUMO-3 or the Tax-6His construct in the presence or absence of T7-Ubc9-C93S or siUbc9. Cells were lysed at 2 days posttransfection, and total proteins purified by nickel pulldown were analyzed by Western blotting using successively an anti-SUMO-2/3 antibody or the HTLV serum.
negative control for ICAM-1 induction, cells were also transfected with the NF-B-defective Tax-M22 mutant (19) . As shown in Fig.  3A (left side), ICAM-1 mRNA was induced by wild-type Tax but not by the M22 mutant, confirming that ICAM-1 induction by Tax in 293T cells indeed relied on NF-B pathway activation. Expression of neither Ubc9-C93S nor siUbc9 had an impact on the level of induction of ICAM-1 (Fig. 3A and B, left sides) . Nickel pulldown experiments were performed on the same day as the RT-PCR analysis to evaluate the level of Tax SUMOylation (Fig.  3A and B, right sides) . Compared to that in control cells, total inhibition of Tax SUMOylation was found in both cell expressing Ubc9-C93S (Fig. 3A, right sides, lanes 3 and 4) and siUbc9-treated cells (Fig. 3B, right sides, lanes 2 and 3) . Western blot analyses showed potent expression of Ubc9-C93S and silencing of Ubc9 upon siRNA treatment (Fig. 3, right sides, lysates) . In contrast, no signal was found for Tax in Western blotting (data not shown). This is very likely due to the fact that the Tax-6His plasmid was transfected at day 2 in already-transfected cells, reducing plasmid expression. However, Tax-6His was produced under each condition, as shown by the Tax signals detected by either RT-PCR or nickel pulldown.
Together with the above data, these findings provide the direct demonstration that non-SUMOylated Tax is as functional as wildtype Tax for NF-B promoter activation in adherent cells.
Non-SUMOylated Tax is also functional for NF-B promoter activation in T cells.
Experiments were finally performed in T cells, which represent the preferential target cells of HTLV-1 in vivo. We used the MOLT4 T-cell line, in which acceptable level of transfection (around 20%) could be achieved. However, even with this optimized protocol, we were not able to detect the endogenous SUMOylation of Tax in these cells (data not shown). To facilitate the detection of SUMOylated Tax in T cells, the Tax-6His construct was transfected together with an HA-SUMO-3 plasmid (or HA-Ub as control), as previously described (7). Analysis of proteins purified upon nickel pulldown at 2 days posttransfection showed anti-HA-reactive products in cells transfected with the Tax-6His (Fig. 4A, lanes 2 and 4) but not the control (lane 1), validating the experiment. Expressing Tax-6His together with Ubc9-C93S abolished Tax conjugation to HA-SUMO-3 (Fig. 4A , lane 3) with no effect on the level of conjugation to HA-Ub (Fig.  4A, lane 5) . Only partial reduction of Tax SUMOylation was observed upon treatment with the siUbc9 (data not shown).
Luciferase-based reporter assays were then performed in MOLT4 T cells. Cells were first transfected with the Tax-6His plasmid and the Ubc9-C93S construct to inhibit Tax SUMOylation prior to promoter transfection and then subjected to a second round of transfection 48 hours later with the reporter plasmids. Finally, luciferase activities were assessed after an additional 24- hour period. Compared to that in cells expressing Tax alone (set to 100%), a larger amount of luciferase was found in cells producing Tax-6His together with Ubc9-C93S (Fig. 4B) . Western blot analyses confirmed similar levels of Tax expression under all conditions as well as strong expression of Ubc9-C93S (Fig. 4B, lysates) .
These findings demonstrate that Tax SUMOylation is also dispensable for Tax-induced NF-B promoter activation in T cells.
DISCUSSION
Based on the analysis of an ubiquitinated but weakly SUMOylated Tax mutant still able to activate an NF-B reporter gene, we previously concluded that Tax SUMOylation is not required for Taxinduced NF-B pathway activation (12) . However, this conclusion was challenged by other groups arguing that this residual level of endogenous Tax SUMOylation could still represent an important functional determinant, presumably by targeting the nuclear population of Tax directly involved in transcription (13) (14) (15) . Here, we set up a new strategy that relies not on Tax mutants but on the inhibition of the SUMOylation machinery via the targeting of the unique SUMO-conjugating enzyme Ubc9. This allowed us to show that Tax still activates NF-B-driven gene expression at a wild-type level in adherent cells in which Ubc9 is inactivated, resulting in total disappearance of either SUMO-1-or SUMO-2/3-conjugated Tax species. It is noteworthy that potent NF-B promoter activation by non-SUMOylated Tax was observed not only with a transfected NF-B reporter promoter but also with an integrated reporter construct as well as with an endogenous NF-B-regulated gene. This argues against a specific role of Tax Since the impact of SUMOylation may be cell type dependent (20) , it was important to also examine how the loss of Tax SUMOylation affected Tax-induced NF-B activation in T cells, which constitute the natural target cells of HTLV-1. We found that expressing Tax together with Ubc9-C93S also abolished Tax SUMOylation in MOLT4 cells, showing that Tax SUMOylation is also under the control of Ubc9 in T cells. Furthermore, the absence of Tax SUMOylation also had no effect on the activation of a transfected NF-B promoter in MOLT4 T cells.
Interestingly, reporter assays performed in 293T cells showed that while little change was observed upon blocking the catalytic activity of Ubc9, Ubc9 silencing led to increased Tax-induced NF-B promoter activation. Moreover, expressing Ubc9-C93S in T cells also increased NF-B promoter activation by Tax. Our findings therefore indicate not only that Tax SUMOylation is dispensable for Tax-induced NF-B activation in adherent cells or T cells but that endogenous Ubc9 may exert a negative effect on this process via either a SUMOylation-dependent or -independent mechanism. It is noteworthy that Ubc9 has already been described to contribute to transcriptional repression mediated by several transcription factors via either SUMOylation-dependent (21) or -independent (22) mechanisms.
Another interesting issue is whether the SUMOylation of cellular proteins is required for Tax-induced NF-B pathway activation. We observed that blocking or silencing Ubc9 massively reduced not only Tax SUMOylation but also conjugation of transfected SUMO-3 to total proteins (Fig. 1C) . This suggests that de novo SUMOylation of cellular cofactors is not required for Taxinduced NF-B activation. However, since SUMOylated proteins may have long half-lives, we cannot exclude the possibility that cellular proteins SUMOylated prior to Ubc9 inhibition may contribute to NF-B activation by Tax.
In conclusion, we believe that this study clarifies the issue of the role of SUMOylation in regard to Tax by providing conclusive evidence that non-SUMOylated Tax proteins are still fully functional for NF-B promoter activation.
